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AaSTRACT. A single treemodel,FORCAT,wasdevelopedasa forestmanagementtool for the
CumberlandPlateauregionof EastTennessee.FORET(ShugartandWest 1977),a gapmodelof
forest successionin East Tennessee,servedasthe basic programfor the simulation of stand
regeneration,competition, treegrowth, and mortality. Gapmodelshave beenusedto simulate
successionalchangesin speciescompositionover periodsofup to 1,000yearsfor manydifferent
forest types.Eventhough the output of gap modelshasincluded specificinformation suchas
basalareaanddensity,theaccuracyofshort-termpredictionsof thesevariablesremainsrelatively
untestedfor forest managementpurposes.A test of FORET indicated that the model was not
readily adaptableto differentsitesand managementschemes.Therefore,majormodificationsto
the basic programwere necessary.Someof the more significantchangesincludedin FORCAT
are: (I) beginningthe simulationwith a maturestand (which was immediatelyclearcut)rather
thanbareground,(2) growthratesbasedon site quality andlocal climaticconditions,(3) basing
seedavailability on species-specificcharacteristics,and(4) simulationofperiodicclearcuttingand
prescribedburning.

ValidationtestsshowedthatFORCAT successfullypredictedbasalarea,numbersoftrees,and
speciescompositionof 50- to 100-year-oldstands.In youngerstands,however,the numberof
seedlingsof pioneerspecieswasunderestimated.This varianceemphasizesthedifficulty of pro-
jectingregenerationabundanceandindicatestheneedfor furthermodelrefi.nementNevertheless,
FORCATservesasa bridgefrom a highly theoreticalmodelof forestsuccessionto a usefulforest
managementtool. Additional inputscontrolling seedavailability are neededto make FORCAT
morebroadlyapplicableto all forest typesfound on the CumberlandPlateau.FOREST Sci. 32:
297—317.

ADDITIONAL KE~ WORDS. FORET, simulation,standdynamics,land type, prescribedfire, gap
model,multiple-usemanagement.

CONFLICTING demandsfor theuseof forestresourcessuggestthe needfor-m-ultiple
usemanagement.An exampleis found on theCatoosaWildlife ManagementArea
(CWMA) on the CumberlandPlateauof EastTennessee.The TennesseeWildlife
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ResourcesAgency managesthis areaprimarily for high quality wildlife habitat
but relieson timber productionto carrythe cost of management.The choiceof
managementschemesto meetbothof theseobjectivesrequiresnot only an un-
derstandingof inherentspecies-siterelationshipsbut also the ability to predict
the effectsof varioussilvicultural activities on the short-and long-term devel-
opmentof foreststands.

A largeportion oftheCumberlandPlateauiscoveredwith standsoflow-quality
hardwoods(McGee 1982). The presentmanagementschemeis to clearcutand
allow standsto regeneratenaturally. Prescribedbumsareoccasionallyconducted
in 3- to 5-year-oldhardwoodclearcutsto maintainbrowsewithin the reachof
deerfor longerperiodsoftime.Theimmediatebenefitsofthesepracticestowildlife
are generallyevident but their long-term effects on the developmentof forest
standsare not as well understood.Predicting the quantity andcompositionof
regenerationfollowing clearcuttingis often difficult. If browsingincreases,regen-
erationcharacteristicsmay change,making long-term predictionsof standdy-
namicseven more difficult. To guide managementdecisionsfor standson the
CWMA, an easy-to-usemodel is neededthat accuratelypredictsnot only long-
termtimberproductionbutparticularlyShort-termvegetationchangesforwildlife
concerns.

Severalmodelsof foreststanddynamicsarepotentiallyadaptableto theforests
of the CumberlandPlateau(seereviewsby Munro 1974,ShugartandWest1980,
Mitchell 1980,andTrimble andShiner 1981).The detailedinformation required
for the decision-makingprocessfor forestmanagementon the CWMA may be
bestachievedfrom a singletreemodel (Munro 1974).Thesemodelssimulatethe
growth of eachtree on agiven areaand aremoreflexible than modelsof entire
foreststands.

Gapmodels,a specialcaseof singletreemodels(ShugartandWest 1980),are
particularly attractivedueto their demonstratedadaptabilityovera wide range
of forest types.Thesemodelshavebeenusedfor the northernhardwoodstands
of the Hubbard-Brook forest (Botkin and others I 972a, 1 972b), loblolly pine
(Pinus taedaL.) standsin Arkansas(Mielke and others 1978),bottomlandand
swampforestsof the MississippiRiver Delta(Tharp 1978),Eucalyptusforestsof
Australia (Shugartand Noble 1981), andthe rain forestsof Australia (Shugart
and others 1980) and Puerto Rico (Doyle 1981). In addition, gap modelsare
availablefor forestsvery similar to thoseof the CWMA. The original gapmodel,
JABOWA (Botkin andothers I 972a,1 972b), wasadaptedby Shugartand West
(1977)to produceFORET,a model oflower-slopeSouthernAppalachianforests.
Othergap modelsfor forestsin East Tennesseewere developedby Smith and
others(1980)andWeinstein(1982).

Gap modelsgenerally use simple equations,with parametersthat are easily
obtained,to approximatethemechanismsthatcausea forestto changeon asmall
plot ofland(Shugart1984).Suchchangesaresimulatedthroughthebirth, growth,
anddeathof individual treesas controlledby variousmeasuresof competition
andotherenvironmentalfactors.Variablesusedin gapmodelsaslimiting factors
to treegrowth haveincludedshade,standbasalarea,soil moisture,andambient
temperature.Gap sizesrange from 0,04 to 0.08 ha (Shugartand West 1979),
approximatingthe areaopenedby the deathor removalof an individual canopy
treeor forest inventoryquadrat(Shugartand West 1980). A more detailedde-
scriptionof gap modelsis given by Shugart(1984).

Most gapmodelshavebeenusedto simulateforestsuccessionoverperiodsof
up to 1,000years.Emphasishas been on changesin speciescompositionover
severalseral stagesratherthan the short-termpredictions of stocking, growth,
andyield that are neededfor many forestmanagementdecisions.Even though
theoutputofgapmodelshasincludedsuchspecific informationasbasalareaand
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density,the accuracyof short-termpredictionsof thesevariablesremainsrela-
tively untested.Output from simulationsas short as 100 years has not been
comparedto field datacollected from managedforests.Whencomparedto local
yield tables,the BRIND model (ShugartandNoble 1981)gavereasonableesti-
matesof stockingandyield for Eucalyptusforestsolderthan35 years,butunder-
estimatedthe stockingof youngerstands.

Errors in simulating young stands,such as thoseof the BRIND model, are
commonamonggap models.Typically, simulationsbeginwith baregroundand
with the assumptionthat thereis an equal seedsourcefor all native species.
Becauseof this,convergenceofmodel outputwith field observationsusuallydoes
notoccuruntil nearthe 30thyearof simulation.Thisstrategyis certainlyadequate
for long-termsimulationsof forestsuccession,but it mayproveto beinadequate
for detailed short-termpredictionsof regenerationcharacteristics.Shugartand
Noble (1981)suggestthat with specific managementobjectivesin mind, the per-
formanceofgapmodelscanbe improvedwith modificationstosimulateciseedling
establishmentand/orthe useof species-specificgrowth equations.

This paperdescribesthe conversionof a succession-orientedgapmodel to a
more practicalmodel intendedfor useas a managementtool. Since gapmodels
arewidely acceptedfor theirlong-termpredictivecapabilities,themajoremphasis
of this study wasto improve the short-termpredictionsof standdynamicsfol-
lowing clearcuttingof maturehardwoodstands.Theresulting model, FORCAT
(FORestsof the CAToosa),wasevaluatedprimarily for its ability to predict the
quantityandcompositionof regenerationfollowing diameterlimit cutting.How-
ever,volume,density,andspeciescompositionthroughoutanentirerotationwere
considered.Problemsencounteredin model developmentand suggestionsfor
future improvementsarediscussed.

VERIFICATION PROCEDURES

The generalstrategyfor developinga model as a tool for forestmanagementon
the CatoosaWildlife ManagementArea was to first test FORET (Shugartand
West 1977)and thenuseit as the basicprogramfor a new model. Output from
FORET was comparedto field observationsto identify specific problem areas.
Whenproblemsoccurred,FORETwasmodified,thuscreatingthenewFORCAT
model.Improvementsthathavebeenmadein otherFORET-basedmodels(Tharp
1978, Weinstein 1982)wereconsideredfor FORCAT. ‘When possible,assump-
tions and/or techniquesusedin FORETwere alteredin FORCAT to makethe
model morespecific to siteson the CumberlandPlateau.Outputfrom FORCAT
was comparedto field observationsto identify newproblems.This verification
procedure(terminology of Shugart 1984) was repeateduntil FORCAT output
closelyresembledfield observations.Validation wasconductedby a comparison
of FORCAT output to a seconddataset,independentof the oneusedfor veri-
fication.

DATA FOR MODEL DEVELOPMENT

Datafor the testingof FORET andthe verification of FORCAT werecollected
from 108 permanentsampleplots establishedon the CatoosaWildlife Manage-
mentAreain anearlierstudy(Muncy 1980).Thisstate-ownedtractofover20,000
ha is on the CumberlandPlateauin EastTennesseeapproximately16 km north
ofCrossville.Studyplotsareon thegentlyundulatingto slightly rolling topography
of land type I (Smalley 1982). HartsellsandLonewoodfine sandyloamsandsilt
loamsare the predominantsoils.All arestronglyacidic, moderatelywell drained,
of low fertility, andrangefrom 0.5 to 2.3 m in depthto bedrock(Smalley1982).
Site index for upland oaksat age 50 averages18 m. Vegetationon study areas
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TABLE 1. Preharveststandcharacteristicsfor CWMA studyplots.

Sawtimber(27.9cm andover) Pulpwood(7.6 to 27.8 cm)

Averagetrees Averagetrees
Species per ha Basalareaf’na per ha Basalarealha

number percent m
2 percent number percent m2 percent

Oaks
Scarlet 33.6 38 4.34 44 45.2 8 0.87 9
Post 25.0 28 2.13 22 115.9 22 3.10 33
Southernred 10.6 12 1.12 11 93.9 17 1.47 16
Black 9.6 11 1.06 11 59.6 11 .99 10
White 1.5 2 .16 2 41.3 8 .62 7
Blackjack 1.5 2 .14 1 4.2 1 .09 1
Chestnut .2 0.2 .03 0.3 — — — —

Hickories

Pignut 3.0 3 .39 4 7.9 1 .09 1
Mockernut .5 0.6 .05 0.5 4.7 t .07 t

Otheroverstoryhardwoods

Blackgum 1.0 1 .11 1 4.9 1 .09 1
Red maple .5 0.6 .07 0,7 5.4 1 .14 1

Understoryhardwoods
Sourwood .2 0.2 .02 0.2 79.6 15 .80 8
Dogwood — — — — 16.6 3 .14 1

Pines

Virginia 2.2 2 .18 2 58.1 11 1.03 11
Total 89.4 100 9.80 100 537.3 100 9.50 100

bestfits thepostoak (QuercusstellataWangenh.)—blackjackoak (Q. marilandica
Muenchh.)forestcovertype(Type40, SocietyofAmericanForesters1980)which
belongsto the uplandoakstype group. Scarletoak(Q. coccineaMuenchh.)and
postoak are the dominantspecieswith southernredoak (Q.falcata Michx.) and
blackoak (Q. velutinaLam.)ascommonassociates(Table I). Frequentassociates
include pignut hickory (Carya glabra Mill.), white oak (Q. alba L.), blackgum
(Nyssasylvatica Marsh.), red maple (Acer rubrum L.), Virginia pine (Pinus vir-
giniana Mill.), sourwood(OxydendrumarboreumL.), dogwood (C~ornusflorida
L.), andsassafras(SassafrasalbidumNutt.). Averageplot basalareais 19,2m2/
ha (Muncy 1980).

The quantityandquality of regenerationfollowing clearcuttingof thesehard-
wood standswas monitored by Muncy (1980)and Muncy and Buckner(1981),
Prior to clearcuttingin 1979,18 permanentplots wereestablishedin eachof three
treatmentunitson two studyareas.Treatmentsincludeda diameterlimit clearcut
(all stemsover 7.6 cm dbh harvested),a silvicultural clearcut(all stemsover 1.8
m high), andan uncut control. Datausedin testingFORETand verification of
FORCAT were collectedprior to clearcutting(winter 1979) andthe endof the
first growing seasonafter clearcutting(autumn 1979). Preharvestdataincluded
the species,dbh,andtotalheight of eachtreefound on sampleplots.Postharvest
dataincludedstemcountsofbothseedlingsandsproutsofall treesin bothclearcut
andcontrolplots. In studyplots thathadbeenclearcut,the numberof stumpand
root sproutsper cut stem wasalso recorded.Stemswhich showedevidenceof
browsingweretallied by species.

Prescribedfire wasusedinhalfofeachtreatmentplotprior to thefourth growing
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TABLE 2. Input parametersfor theFORET model.a

Parameter name Meaning

AAA Speciesname
DMAX Maximum degree-daysfor speciesrange
DMIN Minimum degree-daysfor speciesrange
b3 Species-specificgrowth parameter
b2 Species-specificgrowth parameter
ITOL Shadetolerance (1 = tolerant, 2 = intolerant)
AGEMX Maximum agerecorded for the species
G Species-specificgrowth constant
CURVE Choiceof empirical curve for biomasscalculation

(I = deciduousspecies,2 = conifers, 3 = yellow-poplar)
SPRTND Sproutingtendency(0= no sprouting, 3 prolific sprouting)
SPRTMN Minimum dbh atwhich thespecieswill sprout
SPRTMX Maximum dbh at which thespecieswin sprout
SWITCH(1) Doesthe seedrequirea litter layerto germinate?(T or F)
SWITCH(2) Doesthe seedrequiremineralsoil to germinate?(T or F)
SWITCH(3) Is the seedlingsusceptibleto hot years?(T orF)
SWITCH(4) Isthe seedlinga preferredwildlife food?(T or F)
SWITCH(S) Isthe seeda preferredwildlife food? (T or F)
KTIME Seedsourcelimitation for old-field successionalspecies

ShugartandWest(1977).

seasonafter harvest(late winter 1982). An inventory wasconductedin eachof
the 108 sampleplots prior to burningand at the endof the first growing season
after burning (autumn1982(Waldrop 1983)).

TEST OF FORET

The FORET model waswritten in Fortran IV andcontains13 subroutinesand
functionsin addition to the main driving program.The model wasdesignedto
simulatestanddevelopmenton any numberof A2 ha plots beginningwith bare
groundin the first simulatedyearand continuingfor a user-specifiednumberof
years.During eachsimulatedyear,annualdiameterincrementfor eachtree was
calculated,regenerationwasaddedto the plotin the form ofseedlings-andsprouts,
anddeadtreeswereremovedfrom theplot.A moredetaileddescriptionofFORET
wasgiven by ShugartandWest(1977).

FORETwasdesignedto be adaptableto newforesttypesby substitutingits list
of 18 species-specificparameters(Table 2) for thoseof the speciesnative to a
newly modeledarea.Parametersfor eachof 33 speciesnative to theCWMA were
either alreadyusedin FORETor wereobtainedfrom othergapmodels(Mielke
and others1978,Tharp 1978,Smith andothers1980,Weinstein 1982).FORET
was implementedon The University of Tennessee,Knoxville, IBM Series3071
computer.The model wasrun to simulatestanddynamicsfor 100 yearsandfor
100 individual plots.

Whenmodel outputwascomparedto CWMA field observations,severalprob-
lemswererecognized.As expected,with model runsbeginningwith bareground
plots,simulatedregenerationhadfewsimilaritiesto regenerationfoundin-CWMA
clearcuts.FORETpredictedthat in year 1, theaverageplot would haverelatively
equalnumbersof all 33 speciesanda total of approximately8,000stemsperha.
In contrast,CWMA clearcutshad 12,000stemsperha, ofwhich, over70 percent
wereof 4 species:sassafras,scarletoak,blackgum,andredmaple(Muncy 1980).

Table 3 comparesthe percentageof the total basalareaas predictedby the
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Species

Total stand basalarea

Predictedat
50 years

Predictedat
100 years

Observed in
control plots

..... --—- Percent ..--.—.—..——-—..—.—.-

TABLE 3. ComparisonofFOREToutput to CWMAcontrolplot data.

Oaks

Scarlet 0 0 14.7
Post 0 0 31.0
Southern red 0 0 18.5
Black 15.8 28.2 15.9
White 0 0 2.0
Chestnut 1.7 1.0 0

Hickories

Bitternut 0.9 2.0 0
Pignut 0 0 2.5
Mockernut 0 0 1.3

Otheroverstoryhardwoods

Blackgum 0 0 1.7
Red maple 13.9 6.5 0.1
White ash 3.0 4.1 0
Black walnut 12.5 11.3 0
Yellow-poplar 30.4 38.5 0
Black cherry 3.8 0.8 0

Understoryhardwoods
Sourwood 0.8 0.1 3.9
Sassafras 10.0 4.2 0
Miscellaneous 3.1 0.2 1.1

Conifers
Virginia pine 0 0 7.3
Easternredcedar 4.1 3.1 0

model at years50 and100 to datafrom unharvestedCWMA control plots(Wald-
rop 1983). Sincethe original condition of control plots may not be the sameas
stmulatedplots,this comparisoncan only be considereda roughverification test.
However, centralhardwoodforestsarevery stabledueto advancedregeneration
and sprouting.Speciescomposition50 years into the future is not likely to be
changedby the cultural practicesconsideredin this study. Since the primary
objectiveofthis studyis to improve thesimulationofregenerationcharacteristics,
a roughcomparisonof long-termspeciescomposition,standbasalarea,andstand
densityshouldbe sufficientto identify any grosserrorsthat may causethis type
of model to be consideredunsuitablefor use as a forestmanagementtool.

With the exceptionof black oak,FORET outputhadno similarity to CWMA
speciescomposition(Table 3). Yellow-poplar(Liriodendron tulip~eraL.) wasthe
dominantspeciesas simulatedby FORET while black oak and black walnut
(Juglansnigra L.) werecommonassociates.Themostcommonspeciesoncontrol
plots werescarletoak,postoak, southernredoak, andblack oak. Theseresults
indicatea lack of site-specificconsiderationsby the model for growth andestab-
lishmentratesof individual species.Dry uplandsitessuchas thoseof the study
areacannotsupportmoisturedemandingspeciessuchasyellow-poplarandblack
walnut. Theseinconsistenciesclearly indicatedthe needfor revisionsto one or
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more aspectsof the FORETmodel.Eachrevisionemployedwill be discussedin
the following descriptionof theresultingFORCAT model.

DESCRIPTION OF FORCAT

FORCATwasdevelopedthroughnumerousrefinementstotheFORETgapmodel
(ShugartandWest 1977)making it more specific to the managedsitesfound on
theCWMA. Themodelsimulatesstanddynamicsfor 33 speciescommonlyfound
on the CumberlandPlateau.Simulation beginswith a mature stand which is
immediatelyclearcut.After clearcutting,sproutsand seedlingsarestochastically
addedto simulatedplots basedon the silvical requirementsof each species.
Diameterandheightgrowtharecalculatedeachyearandfor eachtreeas afunction
of site, species,competition,andenvironmentalstress.Treesarekilled stochasti-
cally eachyearbasedon age,species,andcurrentgrowth rates.Simulationswere
limited to periodsof 100 years, approximatingthe upperlimit for rotations of
low-quality hardwoods.SinceFORCAT simulatesstanddevelopmentfollowing
clearcuttingrather than the deathor removalof a single canopytree, it cannot
be considereda gapmodel.EventhoughFORCAT retainsmany of the features
of gap modelsit will be describedby the moregeneralterm: single treemodel.
Table4 summarizesthe main operationsof eachsubroutineof FORET andthe
changesrequiredfor FORCAT.

SubroutinePLOTIN. —The PLOTIN subroutineallows the input of standchar-
acteristicsso simulation can begin at any ageor stageof development.Since
simulation in the FORETmodel beganwith bareground,no datawererequired
for PLOTIN. In FORCAT, the dbh,height,andspeciesofall treeson the average
preharveststudy plot (Table 1) were input to begin simulation with a mature
stand.

SimulationofClearcutting.—Afeatureof FORCATnot presentin gapmodelsis
the simulationof diameter-limit clearcutting.During every simulation,the plot
beginswith a maturestand(asinput by PLOTIN) which is immediatelyclearcut.
All treeslarger than a user-specifieddiameterare removedfrom the plot. The
speciesanddbh of eachharvestedtreeis retainedin model arraysto control the
simulationofsproutingin lateryears.In additionto theclearcutin year I, clearcuts
can be specified for any successiveyear. The usercan specify any valuefor a
minimumdbh that is to be harvested.

SubroutineSPROUT.—Afterany clearcut, the simulatedplot is regeneratedby
the SPROUTand BIRTH subroutines.In FORET, SPROUTaddedsproutsto
the simulatedplot after the deathof any treeof appropriatesizeand species.A
similarprocedurewasemployedin FORCAT,but with severalchanges.In FOR-
CAT, it wasassumedthat the root systemdieswith the stemandcrownofa tree,
makingsproutingimpossible.Therefore,onlyharvestedtreesareallowedto sprout.
During eachsimulatedyear, SPROUTchecksto seeif anytreeswereharvested
and, if so, a species-specificnumberof sproutsis addedto the plot. In FORET,
the numberof sproutsper stumpwas 0, 1, 2, or 3 for nonsproutingand low,
medium,andhigh sprout-producingspecies,respectively.In FORCAT,this was
changedto the meannumberof sproutsperstump for eachspeciesobservedin
CWMA studyplots. Valuesrangefrom 0 for pines to 14 for sourwoodandred
maple.In FORET,specieswerenotallowedto sproutif theywerebelowaspecified
minimumdbh (SPRTMN)or abovea specifiedmaximumdbh(SPRTMX). Since
no minimum sproutingdiameterswere observedon studyplots, this requirement
was eliminated in FORCAT. Uppersproutingdiametersare thosereportedby
Muncy andBuckner(1981)for specieson the CWMA.
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TABLE 4. Comparisonsofthe subroutinesandfunctionsofthe FOREPand
FORCAT models.
Subroutine

or function FORET FORCAT

DATA Read parameters from data cards for 33
lower slopespeciesof East Tennessee.

PLOTIN Read the numbers, species,and diame-
tersoftreeson the plot at the beginning
ofeachmodel ran.All valueswereset
equalto 0 to simulate bare ground.

INIT Initializedall arraysnothandledby PLO-
TlN.

SEEDPR Not presentin FORET.

TEMPE Determinedthe numberof growing de-
gree-daysin eachyear(includedin the
main program).

MOIST Not presentin FORET.

RANDOM Not presentin FORET.

KILL Stochasticallyremovedold and/orslow
growing treesfrom theplot.

GROW Calculatedyearlygrowth for eachtreeas
the rateofopen-growntreesminusre-
ductionsfor shading,temperature,and
crowding.

BIRTH Added up to 700 seedlingsto the plot
basedon species-specificsilvical char-
acteristics.

SPROUT Stochasticallyaddedfrom I to 3 sprouts
to theplot after the deathof anover-
storytree.

OUTPUT Printedthe dbh of eachtree and other
summarystatistics.

ERR Printedan error messagewhen the plot
hadmorethan 700 trees.

GGNORD Drew a randomnumberfrom a normal
distribution.

PLOT Plotted speciescomposition throughout
the simulation period.

Uniform random number generator.RANDU

Shugart and West (1977).

RenamedINPUT. Readparametersfor 33
speciesofthe Cumberland PlateauofEast
Tennessee.

Read numbers, species,and dbh of each
tree on theaveragepreharveststudyplot
of the CWMA.

Unchangedfrom FORET.

Basedseedavailability on species-specific
characteristics.

Adapted from Weinstein(1982) to calcu-
late monthly growing degree-daysat
CWMA plots.

Adapted from Weinstein (1982) to esti-
matethenumberofdroughtdaysin each
yearbasedon monthly temperatureand
precipitationpatterns.

AdaptedfromTharp (1978)to initiate the
selectionof a randomnumber.

Used species-specificgrowth rates to de-
termine theprobability ofthedeathof a
slow growing tree. Removedtrees after
diameterlimit clearcutsor prescribed
fires.

A fourth growth limiting factor, moisture
stress,andsite-specificgrowthrateswere
usedin theequationfor annualgrowth.

Added up to 1,200 seedlingsto the plot
basedon species-andsite-specificchar-
acteristics.

Added from 1 to 14 sprouts(determined
by species)to theplot after the harvest
of a treeofappropriatesizeandspecies.

Unchangedfrom FORET.

Printedanerrormessagewhentheplot had
more than1,200 trees.

Unchangedfrom FORET.

Unchangedfrom FORET.

Unchangedfrom FORET.
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SubroutineBIRTH.— Foreachsimulatedyear,the BIRTH subroutinecompiles
a list of specieswhich areeligible to enterthe plot. If a seedsourcefor a species
is present,asdeterminedby the SEEDPRsubroutine,eligibility for germination
canbe limited by any of five comparisonsof environmentalconditionsto the
silvical requirementsof eachspecies.Currentenvironmentalconditionsare es-
timatedby FORCAT usingsimilar methodsasFORETandinclude (1) the pres-
enceofmineralsoil, (2) thepresenceofa litter layer,(3) meanambienttemperature
for the growing season,(4) wildlife predationof seeds,and (5) deerbrowsing
preferences.Once a list of specieseligible to germinateis compiled, BIRTH
stochasticallyaddsseedlingsof only thesespeciesto the plot.

Two improvementsto BIRTH were considerednecessarybasedon CWMA
field observations,First, FORET limited seedlingestablishmentof speciesthat
arepreferredasbrowseby deer.Although the sametheoryis usedin FORCAT,
browsingpreferencesweredeterminedby field observations(Waidropandothers
1985) ratherthandatapublishedfor otherregionsof the country.

The secondchangeinvolved the total numberof stemson the simulatedplot.
In FORET, the numberof seedlingsandsproutson a ‘/12 ha plot was limited to
700,This wasconsideredto bea minimum numberthatwould adequatelymodel
long-termforestsuccession.SinceMuncy andBuckner(1981)found 1,000 stems
per ‘/12 ha plot on the CWMA, BIRTH was alteredto allow additional stemsto
enterthesimulatedplot.

SubroutineSEEDPR.—The SEEDPRsubroutinewasnot presentin FORETand
wasaddedto FORCAT to determinethe probability of the seedof eachspecies
being presenton the simulatedplot. This probability is basedon the following
criterion: (i) speciespresenton theplot beforeharvestinghaveahigh probability
of having seedon the plot, and(ii) the probability of seedsenteringthe plot is
smallerfor heavy-seededspeciesthan light-seededspecies.

Theaveragenumberof seedsperpoundfor eachspecies(USDA ForestService
1974)isinputto themodelandconvertedto themeanweightofoneseed~SiEEDPR
thendeterminesthe speciesthat has the heaviestseedandassignsa 5 percent
probabilitythat seedsof thatspecieswill entertheplot. Otherspeciesareassigned
probabilityvaluesproportionalto their seedweights,relativeto the heaviestseed,
The probability is doubled for winged seededspecies.Final probabilitiesrange
from 5 percentfor blackwalnut to nearly100 percentfor sourwood.In theBIRTH
subroutine,a probability of 100percentis assignedto speciespresenton the plot
the previousyear.A randomnumberfrom zero to oneis selectedandcompared
to the probability value for each species.If the randomnumber is larger, the
speciesarenot allowed to germinatethat year. Therefore,the specieswith the
heaviestseedcangerminatein only 5 percentoftheyearsin whichit is notalready
on the plot.

This method has many limitations since the probability of a particular seed
reachingaparticularpoint is determinedby many factorsotherthanseedweight.
Theapproachusedin this studywas,first, to recognizethat seedsourcelimitations
wererequiredfor somespeciesand,second,to reflect at leastonefactorobserved
in naturethat imposesthis limitation, that being the relationshipbetweenseed
dispersalandseedweight.

SubroutineGROW.—Annual diameterincrementfor eachtree is calculatedby
subroutineGROW. Using the method of Newnham (1964), growth for each
speciesis assumedto equalthat of treesgrowingunderoptimalconditionsminus
somemeasure(s)ofcompetitionand/orenvironmentalstress.Thisgeneralstrategy
wasusedin both FORETandFORCAT.However, the two modelsdiffer in the
way they estimategrowth reductionsfrom competitionand stress.In FORET,
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growth rateswerereducedwhentreeswereshaded,grewin densestands,or were
subjectedto extremetemperatures.Thesefactors are retainedin FORCAT but
the method for calculatingeachof them has beenimproved. A fourth growth
limiting factor, moisture stress,was addedto FORCAT. Eachgrowth limiting
factor is discussedbelow.

The basicgrowth equationusedin FORET and FORCAT for treesgrowing
underoptimal conditionsis

dD _ G*D*(I — D*H/DMAX*HMAX) (I)

dt — (274 + 3*b2*D 4*b3*D**2)

where

D = presentdbh,
H = presenttreeheight,

DMAX = recorddbh attainedfor eachspecies,
HMAX = record height attainedfor eachspecies,

b2 = a constantderivedfrom DMAX,
b3 = a constantderivedfrom HMAX, and
G = aconstantderivedfrom DMAX andtherecordageof eachspecies~

Detaileddescriptionsof the developmentof this equationwere givenby Botkin
andothers(1972b), ShugartandWest (1977),and Shugart(1984).

The valuesfor the independentvariablesin equation(I) were relativelyeasy
to obtain.DMAX andHMAX werelistedin eitherdendrology(HarlowandHarrar
1969)or silvics (Fowells 1965)textbooksandwereusedto determinetheconstants
b2 andb3 usingthe following equations:

b2 = 2*(IIMAX — 1 37)/DMAX (2)
b3 = (HMAX— 137)/(DMAX*DMAX). (3)

Equations(2) and(3) weredevelopedby Botkin andothers(1972b)from Ker and
Smith’s (1955)height equation,

H = 137 + b2*D — b3(D**2) (4)

by choosingb2 andb3 sothat H equalsHMAX anddH/dD equalszerowhenD
equalsDMAX, The species-specificvaluesfor theconstantGin equation(1) were
determinedby different proceduresfor FORET and FORCAT. In FORET, G
valueswereselectedsothat dbh would equal2/3 ofthe recorddbh for eachspecies
(DMAX) at V2 of the recordageof that species(AGEMX). Valuesof G for FOR-
CAT wereselectedby trial and errorusing different valuesin equation(I) until
calculatedgrowth ratesequaledthat of the largesttreeof eachspeciesfound on
CWMA studyplots. This methodwas suggestedby Botkin and others(1972b)
andis moresite-specificthan the oneusedfor FORET.Growth potentialis based
on the largesttreeof eachspecieson the studyarearatherthan thelargestever
recorded.In addition, growthis basedon ratesobservedthroughoutthe life of a
treeratherthanat just oneyear.

After thegrowth rateof eachtreeunderoptimal conditionsis calculated(equa-
tion (I)), growthreductionfactorsareestimated.Eachfactorgivesaresultbetween
o and I which is multiplied by the resultsof equation(1) to give the final value
for annualdbh increment.Oneofthegrowth limiting factorsis shading.All trees
taller than a given tree (equation(4)) areassumedto castshadeon that tree. In
FORET, separategrowth reduction equationswere usedfor very tolerant and
very intolerant species.Weightedaveragesof the results of theseequationsare
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usedin FORCAT for the additional categoriesof tolerant, intermediate,and
intolerantspecies.SpeciestolerancecategorieswerereportedbyDanielandothers
(1979).The methodsandequationsusedto simulatethe effectsof shadingwere
describedby Botkin andothers(1972b)andShugartandWest(1977).

Botkin andothers(1972b)assumedthat eachspecieshadan optimal temper-
aturefor photosynthesisand that net photosynthesisdecreasedas temperatures
variedfrom this optimum.To estimatethis secondgrowthlimiting factor,Shugart
andWest(1977)calculatedthe numberof growingdegree-days(DEGD) for a site
abovea baseof 5.98degreesC. The reductionof growth ratesdueto eitherwarm
or cool temperatureswascalculatedby

T(DEGD) = 4*(DEGD — DDMIN)*(DMAX — DEGD) (5)
(DDMAX — DDMIN)**2

where DDMAX andDDMIN are the maximumandminimum growing degree-
dayscalculatedfrom meantemperaturesfrom the southern~and~northernextremes
ofeachspecies’nativerange.Equation(5) wasadaptedto FORCATusingspecies-
specificvaluesofDMAX andDMIN determinedby ShugartandWest(1977)and
Mielke andothers(1978).

The third growth limiting factor is horizontalcompetitiondueto crowdingor
root competition.This factoris estimatedby the function

S(BAR) = 1 — BARISOILQ (6)

whereBAR is the biomassof the simulatedstandand SOILQ is the maximum
biomassrecordedfor the forestson the CWMA. The valueof S(BAR)variesfrom
one in open stands (no growth reductionfrom competition) to zero in dense
stands.

The fourth growth limiting factor,moisture stress,wasnot usedin FORETbut
wasdevelopedby Weinstein(1982)for the FORNUT model.It wasadaptedto
FORCATwith severalimprovements.Following the theoryofBassett(1964),the
reductionof growth rate is proportional to the percentageof droughtdays in a
growingseason.The numberof droughtdaysin a growing seasonis determined
stochasticallyby the MOIST subroutine(discussedbelow). Growthreductiondue
to drought is calculatedin GROW by

SMGF(1~—GS — I(FJ*(D3/2)

]

GS

where

SMGF(J) = soil moisturegrowth factorfor speciesnumberI,
D3 = speciesdrought tolerancecategorynumber,
FJ = numberof droughtdaysin ayearascalculatedby MOIST, and
GS = the numberof days in the growing seasonat the CWMA (USDA

Soil ConservationService 1950).

The calculationof growth reductiondueto moisturestressinFOiRCAT (Equa-
tion (7)) is somewhatdifferent from that in FORNUT. Weinstein(1982)assumed
that the relative drought toleranceof eachspecies(D3) was expressedby the
averagenumberofdroughtdaysoccurringat the westernmostextentofthe range
of eachspecies.Trials of FORCAT using this techniqueshowedsomeimprove-
mentoverFORET.However,theneedfor revisionsto thesimulationofmoisture
stresswasindicatedby simulatedstandscomposedlargelyof moist-sitespecies
suchas sugarmaple(AcersaccharumMarsh.)andblackwalnut.
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A new approachwas employedin which the drought tolerancevariable (D3)
wasgiven a valueof I to 5 for speciesin the categoriesof verytolerant,tolerant,
intermediate,intolerant,andvery intolerant, respectively.Sincethis typeof in-
formation has not beenpublishedfor all 33 species,classificationwas accom-
plishedby a surveyof 18 scientistsandfield forestersknowledgeablein this area.

Anotherimprovementto the simulationof moisturestressdealswith the rel-
ativeageof simulatedtrees.In FORNUT (Weinstein 1982),moisturestresswas
applied equally to treesof all ages.In FORCAT, it is assumedthat sproutsand
treesover 10 yearsof agecanobtain waterthroughestablishedroot systemsand
are lessaffectedby droughtthanseedlings.Therefore,a D3 valueof 1 is assigned
to all trees,otherthan 1- to 10-year-oldseedlings,which allows reducedgrowth
ratesduring droughtsbut not to the extentthat it causesthe deathof treeswith
establishedroot systems.

SubroutineTEMPE.— TheTEMPEsubroutinewasnot in FORET,butwasadapt-
ed from Weinstein(1982) for FORCAT.This subroutinecalculatesthe growing
degree-daysforeachsimulatedyearaboveabaseof5.83degreesC. Thecalculation
isbasedon a randomselectionof meanmonthlytemperaturesfrom adistribution
of temperatureswith a meanand standarddeviationequalto that observednear
Crossville, Tennesseefrom 1950 through 1979 (United StatesDepartmentof
Commerce1950—79).

SubroutineMOIST.—The MOIST subroutinewasalso developedby Weinstein
(1982)and adaptedto FORCATto calculatethe numberofdaysin eachgrowing
seasonin which soil moistureis too low to supporttree growth.The numberof
dry days is usedin GROW to limit diametergrowth. Bassett(1964) calculated
the amount of available water in the root zoneusing the Thornthwaite(1948)
method,andthenconvertedit to soil water potential in barsfor every day of the
growing season.This techniqueis usedin MOIST with temperatureandprecip-
itation datafor Crossville,Tennessee(USDC 1950-79).The numberof dry days
(FJ in equation(7)) is the numberofdaysin the growing seasonin which water
potential is below permanentwilting point (PWP).

SubroutineKJLL.—Theprobabilityof the deathof individual treesin eachsim-
ulated year is determinedas a function of the presentageof eachtree in both
FORET and FORCAT. Only 1 percentof all saplingsreachthe maximum age
recordedfor thatspecies(Harlow andHarrar 1969). Slow growingtreesaresub-
jectedto a seconddeathmechanism.In FORET,treesthat grewlessthan 1 mm
in diameterper year, regardlessof species,were given a 1 percentchanceof
surviving 10 years (36.8percenteachyear). Incrementcoresfrom treeson the
CWMA indicatedsomevariability betweenspeciesin theability to survivewith
slowgrowth.Changesweremadein theKILL subroutineofFORCATto calculate
this seconddeathmechanismon a species-specificbasis. Minimum allowable
diametergrowth rateswereestimatedfrom incrementcoresandrangedfrom 0.5
mmfor postoakto 3 mm for yellow-poplar.

PrescribedFire Simulation.— FORCAT wasalso revisedto simulatethe deathof
all treesin young standsafter prescribedburning. An assumptionmadein the
executionof this function was that the fires would be hot enoughand that the
treeswereyoungenoughthatall would betop killed. Survival recordsfor stumps
of eachtree harvestedfrom the plot were updatedeachyearuntil the time of
burning. Stumpswith live sproutsbefore burning were eligible to sproutafter-
wards.Stumpswithout sproutswereassumedto bedead.

The assumptionthat all treesdie during a prescribedfire wasvalid for bums
conductedin 3-year-oldstandson studyplots(Waldropandothers1985).In older
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stands,however,larger treesmay be betterprotectedfrom fire and somemay
survive. Therefore,the prescribedfire function should only be usedduring the
first 10 yearsafter clearcutting.This period is thoughtto be sufficientto simulate
prescribedfires for wildlife managementpurposeswithout violating the assump-
tion of 100 percentmortality.

SimulationofDfferentLand Types.— FORCATwas developedto accommodate
future inclusionsof the 20 land typesfoundon the midsectionoftheCumberland
Plateau(Smalley 1982). Eachland type representsa different site in terms of
topography,forestproductivity,andspeciescompositiomA separatevalueis used
for the growth constant,G, in equation(1) for each speciesand land type to
simulatethe variable growth ratesof specieson different sites.Incrementcores
werecollectedto determineG valuesfor only oneland type (land type 1). Values
for theremaining19wereestimatedfrom siteindicesfor eachlandtypeasreported
by Smalley(1982) using the method suggestedby Botkin and others(I 972b).
Thesevalueswerenot testedandwill probablyrequireadjustmentasdatabecome
available.

VERIFICATION RESULTS

Verification of FORCAT asan accuratesimulatorof standdynamicsfor forests
on the CumberlandPlateauwasaccomplishedby comparisonof model output
to CWMA studyplot data.Thedbh,height,andspeciesofeachtreeon theaverage
studyplot prior to harvestwasinput to the PLOTIN subroutine.FORCAT was
run to give theaverageof 100 independentplots,overa 100yearperiodfollowing
a clearcutof all treesover 7.6 cm dbh.

FORCAT showeda considerableimprovementoverFORET in its ability to
predictmostregenerationcharacteristicsafter clearcutting(Table 5). In bothsim-
ulatedandobservedplots, the mostabundantspeciesduring the first yearafter
clearcuttingwere thosethat were presentbefore harvest.All speciesthat were
observedin study plots were also presenton the simulatedplot. Seedlingsof
moist-site species,such as black walnut and yellow-poplar, were occasionally
presenton simulatedplots but rarely survived due to moisture stress.Heavy-
seededspeciesthat were not presentbefore harvest, such as bitternut hickory
(Carya cordiformis (Wangenh.)K. Koch), rarelyinvadedthe simulatedplot. The
total numberof stemspredictedby FORCATin year 1 was939 per %2 ha plot
ascomparedto 989 observedin studyplots.

Errorswereapparent,however,in the predictionof relativespeciesabundance
during the first yearafter clearcutting.Simulatedplots hada fairly evenmixture
of all of the oak specieswhile scarletoak wasdominanton studyplots (Table 5).
Scarlet oak composed20 percentof the total numberof stemson study plots
duringyear 1 comparedto only 4.5 percenton simulatedplots.Valueslower than
field plot observationswerealsosimulatedby FORCATfor redmaple,blackgum,
and sassafras.Grouping speciesat the generic level, the model simulatedthe
relative abundancesamongoaks,hickories,andotherspeciesfor the first yearof
recovery following clearcutting.While relative abundancesare generally quite
variable in young, regeneratingstands,the model tended to overestimatethe
presenceof oaksand hickoriesresulting in anunderestimationof thenumberof
otherhardwoods.”Thesedifferenceswerenotconsideredserious,however,since

thereweresufficientnumbersoftreesofall speciesnormally found on the CWMA
to give an adequateappraisalof the availability of browse.In addition, these
differencesareminorrelativeto theerrorsobservedduring thetestingof FORET.

As with otherFORET-basedmodels,predictedspeciescompositionconverged
towardcompositionin field studyplots assimulationsprogressed.Speciescom-
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TABLE 5. Comparisonof the averageCWMAfield plot to the averageplot
simulatedby FORCAT.

Total number of stems Total basalarea

Simulated Observed Simulated Simulated Observed
Species year 1 year 1 year 50 year 100 controls

Percent — Percent

Oaks

Scarlet
Post
Southernred
Black
White
Blackjack
Chestnut

Group total

Hickories

Pignut
Mockernut

Group total

Other overstory hardwoods

Red maple
Blackgum

Group total

Understory hardwoods

Sassafras
Dogwood

Sourwood

Group total

Pines

Easternwhite
Virginia

Group total

4.5 20.0
6.5 2.0
8.6 4.0
7.6 8.0
5.7 1.0
3.1
2.5

38.5

8.0
3.8

11.8

2.3
7.9

10.2

9.7
9.8

10.6

30.1

.2

.1

.3

.1

.1

35.2

3.0
.5

3.5

13.0
16.0
29.0

24.0
4.0
1.0

29.0

.1

.4

.5

11.2

11.5
11.1
10.3
9.0
8.1
4.4

65.6

7.7
4.6

12.3

2.5
9.0

11.5

3.4
4.9

.3

8.6

1.5

1.5

24.0
21.3

1.6
13.3
4.7
4.4
3.2

72.5

8.3
.8

9.1

2.4
9.6

12.0

1.1
1.5

.1

2.7

2.9

2.9

14.7
31.0
18.5
15.9
2.0

.9

.1

83.1

2.5
.1

2.6

.1
1.7

1.8

.1

.1

.1

.3

.1
7.3

7.4

position for the averageof 100 simulatedplots overa 100-yearperiod is sum-
marizedin Figure 1. The distancebetweenany two curvesat anypoint alongthe
X-axis representsthe percentageof the totalplot basalareaaccountedfor by that
speciesat that particularstandage. Dominant specieson simulatedplots were
pignut hickory, blackgum,and all of the oaks.Scarletoak andpostoak werethe
mostcommonspecies,particularlyat standage100.Scarletoakrepresented11.2
percentofthe totalplot basalareaat year50 and24.0percentat year100 (Table
5). Correspondingvalues for post oak were 11.5 percentat year 50 and 21.3
percentat year 100. Occasionalindividuals of red maple, mockernuthickory
(Carya tomentosaNutt.), andwhite pine (PinusstrobusL.) wereobservedin the
overstoryof simulatedplots.Major understoryspeciesweredogwood,sourwood,
andsassafras.Thesespeciesremainedacomponentofthesimulatedplotsthrough-
out the 100-yearperiodbut theirrelativeimportancedecreasedasoverstorytrees
becamelarger.

Plots simulatedby FORCAT had manysimilarities to observedcontrol plots.
With the exceptionof Virginia pine, all potential overstory speciesthat were
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FIGURE 1. Simulated species composition for land type 1. The distancebetweenany two curvesat
any point along the X-axis represents the percentage of the total plot basal area by that speciesat
that particular stand age.

presenton control plots were also presenton simulatedplots.Moist-site species
such as sugarmaple,black walnut, and yellow-poplar remainedabsentfrom
simulatedplots.Fieldsplotsweredominatedbypostoak,southernredoak,scarlet
oak,andblack oak(Table 5). Eachof thesespecieswasalso amajor component
in simulatedplotsat separatetimesthroughoutthe 100 year simulation.Under-
story specieswere also correctlysimulated.Dogwood, sourwood,and sassafras
werethe mostcommon ofthis group in both simulatedandobservedplots.

Othersimilarities betweenobservedandsimulatedplots includedtreenumber
and total plot basal area.At year 100, therewas a total of 70 sawtimberand
pulpwoodsized treeson the averagesimulatedplot while 73 were observedin
controlplots. Simulatedbasalareawas 19.3m2/haat year50 and 15.9m2/haat
year100 ascomparedto 17.5 m2/haon control plots.Thereductionof simulated
basalareabetweenyears50 and 100 wasattributedto the deathof severallarge
trees.

The closeapproximationofsimulatedto actualstandparameters(speciescom-
position, tree number,basal area)for siteson land type 1 of the CWMA was
acceptedassatisfactoryverification of FORCAT.

White Oak

Scarlet Oak
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TABLE 6. Comparison of validation model output to regeneration observed in
Sewanee study plots.

Species

Trees per 1/12 hectare plot

Under 1.37 min height Over 1.37 m in height

Simulated Observed Simulated Observed

number percent number percent number percent number percent

Oaks

Northern red
Scarlet
Black
White
Chestnut
Blackjack
Post
Southern red

Grouptotale ___

Other overstory hardwoods

Hickories
Yellow-poplar
Black cherry
White ash
Black walnut
Blackgum
Red maple
Sugar maple
Black locust

142
14
27

104
2

73
9

39

Group total 410

Understoryspecies

Sourwood
Dogwood
Sassafras
Am. holly
Am. chestnut
Wingedelm

Grouptotal

Total

65 8
22 3
2 0.2

86 10
22 3
22 3
23 3

161 6 0.2
13 1 1
27 1 2
67 3 2

206 8 1

0.5 0.4

3 —

5 2
5 1
3 1

1

3

5 1 — — — — — —

247 29 474 18 6 16 5 6

17
2
3

12
0.2
9

5

49

6 1
56 7

8 1
21 2

11

___ 22

100

94
185

842

121
640

31
143

5
58
67
72

300

1,437

18
237
242

5
197

699

2,610

5
25

1
5
0.2
2
3
3

11

55

9
9

0.2
8

27

100

11 28 7
4 10 9
1 2 —

4 10 3
— — 0.4

4 10 14
1 2 2
2 5 5

— — 22

27 67 62

1 2
3 7

3 8 _

7 17 __

40 100

9
12

4
I

18
3
7

29

82

1 1
7 9

1 1
9 12

76 100

Group totals do not add due to rounding.

VALIDATION

PROCEDURES

Validation of FORCATwasconductedby a simulationof standdevelopmenton
a differentlandtype from that for which the modelwasdeveloped.Model output
wascomparedto a seconddataset collectedon a 27.5ha clearcuton the domain
oftheUniversityoftheSouth.Thissecondstudyareaislocatedon theescarpment
of the CumberlandPlateaunear Sewanee,Tennessee,and is describedas land
type 16 underSmalley’s(1982)classificationofforestsites.SoilsareoftheGrims-
ley, Jefferson,Ramsey,and Zenith series,have loamy textures,and are well
drained(Smalley1982). Aspectis predominantlyto the northwhile slopesrange
from flat alongbenchesto very steepbetweenbenches.Dominant speciesinclude
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chestnutoak (Quercusprinus L.), white oak, andnorthernred oak(Q. rubra L.)
with common associatesof hickories and yellow-poplar. Site index for yellow-
poplarat 50 yearsaverages30.8 m.

Inventoriesof %2 ha plots in the secondstudyareawere conductedprior to
and 1 year after harvestingall stemsover 20.3 cm dbh. The dbh, height, and
speciesof eachtree on the averagestudyplot prior to harvestwere includedin
the PLOTIN subroutine.FORCAT wasrun to simulatestanddevelopmentfor
100 yearsfollowing diameterlimit clearcutting(all stemsover 20.3 cm dbh) on
100 independentplots.

RESULTS

Simulatedregenerationduring the first yearafter clearcuttingis summarizedand
comparedto field observationsin Table 6. The averagenumberof stemson
simulatedplots at year 1 (842) wasconsiderablylowerthan thenumberobserved
in study plots (2,610). Eventhough the model underestimatedthe numbersof
most species,the largest errors were for yellow-poplar, black locust (Robinia
pseudoacacia L.), dogwood,sassafras,andchestnutoak.

With the exceptionof scarletoak,errors of the magnitudefound in validation
werenot observedduring the verification of FORCAT.As wasthe casewith the
verification test,regenerationin the validation testconsistedof a large number
of sproutsof speciesthat were presentbefore clearcuttingand relatively equal
numbersof seedlingsof all species.The SEEDPRsubroutinefunctionedonly to
limit the invasionof heavy-seededspecieswithout favoring theverylight-seeded
pioneerspeciessuchas black locustor yellow-poplar. In addition, an important
sourceof seedfor yellow-poplaris the seedbank in the soil andduff layer. Since
this wasnotconsideredin SEEDPR,it may contributeto theunderestimationof
yellow-poplar regeneration.The SEEDPRsubroutinewas appropriatefor the
simulationof verification studyplotswherea seedsourcefor pioneerspecieswas
essentiallyabsent.However, the need for revising the simulation of seedling
establishmentto reflectthe wide diversity of seeddispersalmechanismsbetween
speciesis evident.

The underestimationof the numbersof dogwood,sassafras,andchestnutoak
stemsis partially dueto a differencein harvestingmethodsusedin theverification
plots (CWMA) and the validation plots (Sewanee).The smallesttreecut at the
Sewaneestudyareawas20.3cm dbh.Sincethis diameterwaslargerthan theone
usedduring the validation test,the model harvestedfewerstems.Therefore,only
a small numberof sproutswasincludedamongplot regeneration.In contrast,all
stemsabove7,6 cm dbh were felled in CWMA studyareas.By specifyingthis
smallerdiameterfor simulatedclearcutting,a much largernumberof dogwood,
sassafras,andchestnutoak stemsbecameeligible to sprout.If a smallerdiameter
limit for clearcuttinghad beenspecifiedfor the validation model,sproutsof all
speciesmay havebeenmoreabundant.

The occurrenceof speciesin thevalidation test(Table 6), without considering
relativenumbers,wassimilar to that in the verification study. Black locustand
American chestnut(Caszaneadentata Marsh.), were presentin field plots but
absentfrom simulatedplots in both tests.Americanchestnutwaspresentin very
smallnumbersin bothCWMA andSewaneeplotsand,therefore,wasnot included
asmodel input. Theabsenceofblacklocustis likely dueto its habitofregenerating
from rudimentarybudsthat remaindormantin the soil until the tree is injured
or cut (Fowells 1965).Blackjackoak,post oak,southernred oak,andAmerican
holly (Ilex opacaAit.) were includedin simulatedregenerationbut were absent
from observedplots.Sinceno treesofthesespecieswerepresentin thepreharvest
stand,all ofthe simulatedregenerationwasof seedorigin. Thenumbersof seed-
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FtouRe 2. Simulated species composition for land type 16. The distancebetweenany two curvesat
any point along the X-axis represents the percentage of the total plot basal area by that species at
that particular stand age.

lings of thesespecieswererelatively small which preventedthem from becoming
major componentsof older simulatedstands.

Although FORCAT underestimatedthe numberof stemsof pioneerspecies,
this shortagedid not appearto affect thepredictionof speciescompositionin the
lateryearsofthe simulationperiod.Speciescompositionfor theaveragesimulated
plot is summarizedin Figure 2 and comparedto field dataat selectedstagesof
standdevelopmentin Table7. Eventhoughthe valuesfor model outputat years
50 and 100 are basedon plot basalareaandthe valuesfor harvestedtreesare
basedon volume (International¼inch log rule), the expressionof theseas per-
centagesshouldgive an approximatecomparisonof speciescomposition.In both
simulatedandobservedfield plots,standsweredominatedby white oak,chestnut
oak, and northernred oak with secondaryoccurrencesof yellow-poplar,white
ash (Fraxinus americanaL.), sugar maple,and the hickories. Among the less
common species,FORCAT tendedto overestimatethe abundanceof eastern
redcedar(Juniperus virginiana L.), sugarmaple,black cherry (Prunus serotina
Ehrh.), andblackgumand to underestimatethe presenceof black oak. Thepre-
dictionof exactpercentagesduringvalidationwasconsideredto belessimportant
than the predictionof generaltrendssuchas relativespeciesabundance.In this

314/ FOREST SCIENCE



TABLE 7. Comparison of validation model output to preharvest standdata ob-
served in Sewanee study plots.

Species

Total basa area

Total volume
observed

Simulated at Simulated at
year 50 year 100

— Percent —.•-------——------—-—---• Percent
Oaks

White
Chestnut
Northern red

13.9 23.7
21.4 21.1
10.7 25.0

22.1
24.6
18.6

Black 1.0 1.9 4.5

Group total 47.0 71.7 69.8

Other overstory species

Hickories
Yellow-poplar
Black cherry
White ash
Black walnut
Blackgum
Sugar maple
Eastern redeedar

14.9 9.1
11.0 7.7
2.3 1.3
8.8 2.4
.4 .4

6.1 3.8
6.7 1.5
1.7 2.1

11.8
11.6

.2
3.9

.9

.7

.8
—

Group total 51.9 28.3 29.9

Understory species
Dogwood .5 — —

sense,FORCAT provided an acceptablesimulation of the speciescomposition
for matureforestson land type 16.

Acrossbroadspeciescategories(Tables6 and7), themodel capturedthe ten-
dencyfor oaksto increaseat the expenseof otherhardwoodsover the courseof
thesimulation.A decreasein relativeimportancewasmostpronouncedfor pignut
hickory, shagbarkhickory (Carya ovata (Mill.) K. Koch), sugarmaple,dogwood,
andwhite ash (Fig. 2). The absenceof black locust in the earlyregenerationof
simulatedstandslargelyaccountsfor discrepanciesbetweenmeasuredand sim-
ulated standparameters.

Other similarities betweenobservedandsimulatedplots occurredwith basal
areaandthe numberof merchantabletrees(20 cm and over).The averagebasal
areafor preharvestplots on the Sewaneestudyareawas20.8m2/haascompared
to 19.8 for simulatedplots at year 100. FORCAT predicteda total of 56.3mer-
chantabletreesperhaat year100while an averageof 60.8perhawereharvested
from Sewaneestudyplots.The total numberof stemspersimulatedplotwas not
as accurate,however,Studyplots hadan averageof 316 stemswhile the model
simulatedan averageof only 120 at year 100, This differencewas attributedto
an underestimationof seedlingnumbersafter the deathof older treesnear the
end of the 100yearsimulation.

CONCLUSIONS

The methodusedfor validatingthe FORCAT model wasfairly rigorous.Model
validation was initiated by simulating stand dynamicsfor a mixed hardwood
forestwith morelight-seededspecies,broaderspeciesdistribution,andhighersite
quality than found on the forest standusedfor model development.However,
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FORCAT successfullypredictedbasalarea,treenumber,andspeciescomposition
for maturestandson both sites.The underestimationof the numberof seedlings
of pioneerspeciesemphasizesthe difficulty in predictingshort-termregeneration
abundanceand indicatesthe need for further model refinement.Nevertheless,
FORCAT shows promiseas a tool to projectthe futurevalueof standssuchas
thosewherethe model wasdevelopedand,to a lesserextent,thosesuchas the
validationareawherelight-seededor pioneerspeciesareabundant.In situations
where the predictionsof the quantity of early regenerationare not important,
stmulationcanbe initiated following clearcutting.The speciesand stemcounts
of regenerationobservedin clearcutplots canbe usedas input to the PLOTIN
subroutineto begin simulation with a young stand,In addition, FORCAT can
simulatestanddevelopmentafter various cultural practices.The model can be
readilyalteredto compareoutputto actualfield datafor varyingrotation lengths,
cuttinglimits, and/orfire history in young stands.

Thisstudyhas demonstratedthat gapmodels,which arewidely acceptedfor
their ability to model forestsuccessionoverperiodsof severalcenturies,alsogive
accuratepredictionsof basalarea,density,andspeciescompositionduring sim-
ulationsas short as 100 years.In this sense,FORCAT is abridgebetweeneco-
logical andmanagement-orientedpredictivetools.EventhoughFORCATunder-
estimatedthe abundanceof pioneerspecies,its ability to simulateregeneration
wasa considerableimprovementover that of FORET. In addition, FORCAT
retainedthe long-termpredictivecapabilitiesof its parentmodel.To further test
the valueof FORCAT as a predictivetool, the model should be testedin other
areasprior to clearcutting.Descriptionsof other preharveststands should be
includedin the PLOTIN subroutineandmodel outputcomparedto postharvest
regenerationwith strict validationprocedures.Futurework with themodelshould
includefurtherevaluationof standregenerationdynamics,particularlyseedavail-
ability, which will leadto refinementsto makeFORCATevenmoreaccuratefor
simulationof earlystanddevelopment.
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